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ABSTRACT
With the growing population of the elderly, there is an increasing need for reliable, in-
expensive, and quantifiable clinical measures. This thesis proposes mStroke, a practical,
accurate, and mobile health system that remotely measures a stroke patient’s proficiency in
standard post-stroke therapy activities. The proposed system is delivered as an application
(App) running on a hardware system consisting of two bluetooth low energy (BLE) modular
sensor devices and an iPad. The system uses accelerometers, gyroscopes, and magnetometers
to measure movement during three single-tasked clinical activities: the functional reach test,
the NIHSS motor arm test, and the NIHSS motor leg test. The proposed system has been
extensively tested using emulated and real data from physical therapy students. Key Words:
Motion Analysis, Stroke, Functional Reach, NIHSS.
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CHAPTER 1
INTRODUCTION AND RELATED WORK
1.1 Introduction
Every year in the United States, more than 795,000 people suffer a stroke [3]. Of those
795,000 Americans, 130,000 (16.35%) die from those strokes [4]. Strokes are the leading
cause for long-term disabilities and result in health care costs of an estimated $34 billion
each year in the United States [3].
In this thesis a motion sensing application called mStroke is explored. mStroke is a
software solution that is designed to aid in post-stroke patient diagnosis and treatment. The
App is written for use on the Apple iPad [5]. When combined with Node motion sensors
from Variable Inc [6], the mStroke system provides a valuable tool for clinicians to monitor
a patient’s movements remotely over a long period of time.
The current implementation of the mStroke system focuses on aiding physical therapists
by monitoring motion during common post-stroke physical therapy clinical measures. The
National Institute of Health Strok Scale (NIHSS) is a commonly used tool to assess post
stroke patients’ physical condition [7]. Specifically, the mStroke system performs real-time
motion analysis for three measures: Functional Reach, NIHSS Motor Arm, and NIHSS Motor
Leg. The system also provides features for gait analysis and fall detection. The overarching
aim of mStroke is to aid treatment in clinical environments, and to provide a tool for physical
therapists to send home with patients to monitor progress on a daily basis. By implementing
standard physical therapy exercises, realistic remote monitoring and analysis of a patient is
possible. The quality of the raw data set is very high permitting substantial analytics as the
data set grows.
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1.2 mStroke System
mStroke requires a mobile Apple iOS device running iOS 8 or above and at least one Node
sensor (described below) see figure 1.1. The App is designed specifically with iPad in mind
but can also work on iPod Touch and iPhone. The number of Nodes needed for mStroke
is dependent on the test being run. The Functional Reach portion requires two Nodes, but
both the NIHSS Motor Arm and NIHSS Motor Leg portions require just one Node.
In human motion analysis, energy and latency are both important concerns. Latency
is particularly important. The resolution of the signal must be high enough to capture
any movement that a human makes. The Node was chosen because it provides a system
that performs well with respect to both of these issues [6]. This low-power and low-latency
hand-held device is a new modular sensor platform that uses the Bluetooth 4.0 Low Energy
(BLE) protocol to communicate with a base station such as a smartphone, tablet, or com-
puter. Multiple Nodes can connect with a single smartphone, tablet, or computer. The base
platform of Node is an inertial motion unit (IMU) containing 3-axis accelerometer, magne-
tometer, and gyroscope. These sensors allow precise measurement of device’s motion. Node
is in the shape of a cylinder with a length of 83.8mm 25.4mm diameter. Each end of Node
can accept an additional interchangeable sensor unit. The sensor units can measure a vari-
ety of functions such as temperature, moisture level, oximeter, and ultrasound measurement
sensor. The Node IMU can send motion data to a smartphone or tablet at a rate of up to
120 samples per second with a range of up to 50m.
In recent years, the idea of employing sensors (e.g., accelerometers, gyroscopes, mag-
netometers, electromyography (EMG)) on the human body to study movement data and
rehabilitation has received considerable attention [8, 9]. In this thesis, readings are used
from accelerometers, gyroscopes, and magnetometers, which are readily available in the
Node and some smart phones (e.g., iPhone). Accelerometers measure the acceleration vec-
tor, gyroscopes provide angular rotation rate, and magnetometers measure the strength and,
the direction of magnetic fields in some cases. A 9-axis sensor fusion (described later in this
thesis) of these three sensors allows mStroke to overcome the inherent individual flaws in
2
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Figure 1.1 Experimental setup: iPhone and Node (photograph to scale)
each of these motion sensors. The majority of the existing works have used only accelerome-
ters and gyroscopes due to electromagnetic interference. However, the magnetometer sensor
is required for detecting a patient’s body posture accurately in many tests (e.g. measuring
arm yaw). In the proposed algorithms, the electromagnetic interference that can plague the
magnetometer readings is compensated by the gyroscope. The over-time drift in gyroscope
is corrected by the accelerometer. The IMU accomplishes this by fusing the data from the
aforementioned sensors into a quaternion. Interestingly, the axes for the Node’s quaternions
are different than the axes for its raw data. Figure 1.2a shows a Node with the accelerometer
axes labeled, and figure 1.2b shows a Node with the quaternion axes labeled. Section 2.3.3
in Chapter 2 provides a thorough explanation of quaternions with respect to how they are
used in the mStroke system.
(a) Node Accelerometer Axis (b) Node Quaternion Axis
Figure 1.2 Node Axis
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1.3 Related Work
Motion analysis for post-stroke patients is a rapidly growing field. Much work has been done
using various devices to monitor movement. More often than not, movement is analyzed
post exercise (often using machine learning algorithms). mStroke is differentiated through
real-time analysis and through the type of tests it aims to monitor.
1.3.1 Motion Analysis For Post Stroke Patients
In 2005, Knoor et al. used accelerometers to analyze upper limb movements of post stroke
patients [10]. In 2009, Qiang et al. used accelerometers and gyroscopes to detect falls [11].
Their algorithm was broken into three parts: activity intensity analysis, posture analysis,
and transition analysis. Data was buffered for 6 seconds and then analyzed. In 2010,
Patel et al. used accelerometers to score patient movements using a subset of the Function
Ability Scale [12]. Patel’s methods involved 6 parts: segmentation, feature extraction, feature
ranking, feature selection, classification, and linear equations. Again analysis was conducted
post test. In 2013, Gubbi et al. used accelerometers to measure the magnitude of difference
between a stroke patient’s affected arm and non-affected arm. Data was collected and then
stored in a mySQL database for post-processing. They found a high variation of magnitudes
between stroke patients and the control patients.
1.3.2 Functional Reach and NIHSSMotor Arm and NIHSSMotor Leg Research
Limited work has been done with the Functional Reach test, NIHSS Motor Arm, and NIHSS
Motor Leg tests. In 2015, Galen et al. used Microsoft’s Kinect sensors to access balance in
patients using an Interactive Functional Reach test [13]. Regarding NIHSS, in 2013, Kumar
et al. used accelerometers to predict NIHSS scores [14]. They used a support vector machine
with cross-correlation between different accelerometer axis. Data was processed in 10 minute
windows. They collected data and were able to obtain an accuracy of 90% compared to a
4
trained clinician.
1.3.3 In House Research
In 2015, Brian Williams et al. used Nodes to evaluate motion during the Timed Up and
Go test [15]. They used rotation angles, leg length, and basic trigonometry to calculate the
distance walked for each step. The algorithms used are similar to the algorithms used in this
thesis to obtain angles from quaternions. The algorithms used in mStroke were modified to
work for the Timed Up and Go test. They were able to calculate distance walked with an
error of 16%.
1.4 Personal Contribution
mStroke is the culmination of dedicated work from several individuals including: Brandon
Allen, Brian Williams, Robert Delvroy, and Austin Harris. The work has been performed
in collaboration with the physical therapy department at the University of Tennessee at
Chattanooga. This thesis focuses on the Functional Reach, NIHSS Motor Arm, and NIHSS
Motor Leg portions of the App.
The rest of the thesis is organized as follows: mStroke’s Functional Reach capabilities will
be presented (Chapter 2). Then, the NIHSS Motor Arm and Motor Leg portions of mStroke
are examined(Chapter 3). Finally, the thesis will conclude with a analysis of the current
mStroke system and future work planned for the system (Chapter 4).
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CHAPTER 2
FUNCTIONAL REACH
2.1 Introduction to Functional Reach Test1
Falls are common for stroke survivors at all stages of recovery, with incident rate ranging
from 25 − 46% [17–20]. Individuals with chronic stroke have the highest fall incident rate
at 46% [20]. Hip fracture is four times more likely to occur in persons post stroke com-
pared to the general elderly population [21]. Falls can also result in progressive activity and
participation limitations, increased dependence, increased fear of falling, and depression.
Furthermore, caregivers of stroke survivors who experience a fall have significantly more
stress [22, 23]
Fall prevention strategies are most effective if the person at risk can be identified before
injury occurs [24]. There are several clinical tools that accurately assess standing balance
and predict fall risk in stroke survivors. These include the Berg Balance Scale (BBS), the
Timed Up and Go test (TUG), the Computerized Dynamic Posturography (CDP) and force
plates, and the Functional Reach Test (FRT) [1]. The BBS applies an ordinal rating scale
to 14 functional movements [25]. The TUG is a functional walking test which measures
task completion time as well as an ordinal quality of movement scale [26]. The CDP and
force plates measure an individual’s center of pressure (COP) and are technology-based,
and provide more sensitive testing compared to clinical measurement tools. Studies have
indicated that COP correlates with poor balance and increased fall risk [27, 28]. These
assessment tools are either subjective (making them inconsistent) or objective requiring
expensive and immobile devices. Therefore, they are most suitable for clinic use and cannot
1Various parts of this chapter are taken from one of my previously written papers which was accepted at Globecon 2013 [16].
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Figure 2.1 A PT student performing FRT wearing our system
longitudinally monitor individuals in the community without the presence of a therapist and
extensive equipment.
To overcome existing challenges, the application of accelerometer and gyroscope sensors
has been studied to quantitatively assess standing balance [8,9]. These studies demonstrated
the usefulness of accelerometry in functional balance measurement. Unfortunately, both
studies are focused on improving clinician’s measurement sensitivity rather than producing
a remote measurement system and also do not address fall risk estimation. They cannot be
applied at home without presence of the therapist. This is due to the fact that the tests
are extensive(4-step and 6-step, respectively), and some require eyes to be closed. Finally,
none of the above mentioned work has translated from the laboratory testing to actual use
by stroke patients in the clinic or home environments.
2.2 mStroke’s Implementation of Functional Reach Test
mStroke estimates fall risk using the Functional Reach Test (FRT) Figure 2.1. The FRT
was developed by P.W. Duncan in 1990 as a ratio measurement scale to determine anterior
limits of standing balance in the elderly population [1]. It is a quick, simple, and single-task
dynamic test that defines functional reach as ”the maximal distance one can reach forward
beyond arm’s length, while maintaining a fixed base of support in the standing position” [1].
Importantly, it has a modified version for sitting balance: the Modified Functional Reach
Test (MFRT) [29]. Since its inception, this measure has been proven a valid and reliable test
for identifying deficits in balance in the stroke population. It has been proven to be predictive
7
Figure 2.2 A PT student wearing our proposed system for FRT test
of fall risk when compared to more time consuming clinical functional measures [1,30]. This
test finds how far a person can reach without taking steps. Based on the reach distance, a
person of high risk of falling will be identified (positive test). The norms of reach for men
and women of different ages are summarized in Table 2.1.
For mStroke’s FRT implementation, two nodes are worn. One is attached to the chest
and one is attached to the arm. Figure 2.2 illustrates the basic setup. Nodes are attached
to a harness, wrist splint, or Velcro band. If the Nodes are not worn correctly (e.g. twisted
or upside down), the App will notify the patient. It is worth noting that App cannot be
activated unless the system is worn correctly and the patient has the right posture for the
test. The reliability and efficiency of the data acquisition and communication in mStroke
have been confirmed through clinical trials using the Vicon Motion Analysis system.
• A negative test is considered a forward reach of greater than 10 inches.
• A reach of less than 6 inches is found to be associated with a four times greater risk for
falls during the 6 months post-test.
• A reach between 6-10 inches is found to be associated with a two times greater risk for
falls during the 6 months post test.
mStroke finds the fall reach in a closed environment (i.e. the App will be activated with
the start button), and the patient is instructed about the next steps. The fall risk estimation
solution consists of finding the score as well as detecting errors. Errors consist of bad body
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Table 2.1: Functional Reach Norms [1]
Age Men Women
20-40 16.73 in 14.64 in
41-69 14.98 in 13.81 in
70-87 13.16 in 10.47 in
posture, taking steps during the test, and falling. At the beginning of the experiment, the
App on the smartphone asks the patient to stand straight with their feet a comfortable
distance apart. The App will notify the patient if the Node on the chest detects incorrect
posture. Bending up to 30◦ is acceptable. Then the App asks the patient to forward flex the
dominant arm to approximately 90 degrees. The Node on the arm ensures the right posture
of the arm. Next the patient is asked to reach forward as far as possible without taking a
step. The IMU sensors in the Nodes are used to ensure that the patient is stretching his/her
hand correctly. Finally, the reach distance is computed by measuring the patient’s torso
bend angle during the reach.
Currently, the App requires a small amount of non-identifiable personalized data from all
patients. Through this process the trunk length and the shoulder length are entered once
by the physical therapist and will be saved for later uses. The Node measures how far the
patient reached out, and based on the FRT table (Table 2.1) the result will be announced to
the patient. Meanwhile, if the patient lost balance and had to take a step, the combination
of the IMU sensors on the chest and arm Nodes are used to detect that. The patient is then
asked to take a rest and start over again. However, the furthest reach of the patient before
taking step is already stored on the smart phone with a note that this reach had resulted in
taking a step. To ensure the safety of the patient, the mStroke system is also equipped to
detect falls.
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2.3 Proposed Approach for Fall Risk Estimation
2.3.1 Chest Posture Recognition
As stated above, the App first ensures the patient is standing fairly straight. For this
purpose, the angle between chest and the gravitational vector must be relatively small. To
accommodate older people and stroke patients that might not be able to stand perfectly
straight, an error of 30◦ is acceptable. This threshold will be adjusted by the physical
therapist during the introduction of the device to the patients. The angle can be found from
the y-axis of the chest accelerometer:
θCy = arccos(aCy/g) < 30
◦, (2.1)
where aCy and g are the y-axis of the chest accelerometer and the gravitational vector,
respectively.
2.3.2 Arm Posture
The App ensures that the patient is stretching her/his arm forward fairly straight. Any
deviation will be checked at the beginning. The deviation can be in any direction; therefore
the algorithm needs to be able to identify any combination of yaw, pitch, and roll. While
roll and pitch can be detected by the combination of the readings from the gyroscope and
accelerometer sensors in the NODE IMU, yaw cannot be captured accurately. To overcome
this problem, the fusion of all three sensors in IMU using the quaternion must be used.
A quaternion is a four-dimensional complex number that can be used to represent the
orientation of a rigid body in three-dimensional space [31]. In quaternion representation, AB qˆ
describes the orientation of frame B relative to frame A. Any orientation of frame B relative
to frame A can be achieved through a rotation of angle θ around an axis Arˆ defined in frame
A. The quaternion describing this orientation, AB qˆ, is defined as follows:
A
B qˆ = [q0 q1 q2 q3] = [cos
θ
2
− rx sin θ
2
− ry sin θ
2
− rz sin θ
2
], (2.2)
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where rx, ry and rz define the components of the unit vector
Arˆ in the x, y and z axes of frame
A, respectively. The Node IMU provides the quaternion values. The FRT algorithm gets
the quaternion values from Node IMU and calculates the arm rotation from 2 ∗ arccos(q0).
A deviation of no more than 40◦ is acceptable.
2.3.3 Measuring Reach Distance
Reach for the FRT is found using the angle the patient bent (with respect to his/her position
when the test was started) while the arm is kept fairly straight (again with respect to the
beginning position). Using the length of his/her trunk and the bent angle, reach distance
can be found easily. To find the angle, the simple method described for chest posture could
be used. However, the results would not be accurate. For the chest posture calculation, the
patient is standing fairly still; therefore it is easy to filter the accelerometer readings to get
an accurate result. However, during the reach test, the patient is actively reaching, and as
a result there are constant changes in the accelerometer readings over a short period of the
test time. Spikes in the sensor readings can cause large errors in the results. Therefore, the
readings of other sensors are used to compensate for the random noises and spikes in the
sensor data. Instead of using only the reading from the accelerometer, the rotation along
the x-axis for the measurement of torso bent is used. The x-axis was chosen because of
the way the chest Node is worn. To find this, the quaternion value with respect to the
reference (starting posture) is found, StartnewPosqˆ, where Start represents the patient’s posture
at the beginning of the test. The reference quaternion values for both chest and arm are
stored in the App. These values are denoted by Astartqˆ, where A is an arbitrary frame. The
orientations for the future readings with reference to the starting frame can be found from
Start
newPosqˆ =
A
newPos qˆ ⊗ Astartqˆ∗, (2.3)
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where the conjugate of Astartqˆ = [q0 q1 q2 q3] is defined by
A
startqˆ
∗ =startA qˆ = [q0 − q1 − q2 − q3] (2.4)
and the quaternion product (⊗) is defines as:
a⊗ b = [a0 a1 a2 a3]⊗ [b0 b1 b2 b3]
=

a0b0 − a1b1 − a2b2 − a3b3
a0b1 + a1b0 + a2b3 − a3b2
a0b2 − a1b3 + a2b0 + a3b1
a0b3 + a1b2 − a2b1 + a3b0

T
.
(2.5)
Using (2.3)-(2.5), first the App finds the StartnewPosqˆ for the chest Node, and then using (2.6),
(2.7), and (2.8) it can find the rotation of the y-axis compared to its previous location:
yqˆ = [0, 0, 1, 0], (2.6)
y
newPosqˆ = yqˆ ⊗StartnewPos qˆ∗, (2.7)
θ = acos(
y
newPosqˆ.y√
y
newPosqˆ.x
2 +ynewPos qˆ.y
2 +ynewPos qˆ.z
2
) (2.8)
where StartnewPosqˆ = [q0 q1 q2 q3]. Then the reach distance can be calculated from d = tlength×
sin(θ), where tlength is the length of the patient’s trunk that is measured once and is saved
in the App. If during the test, the arm has deviated more than 40◦, the App will still store
the longest reach, but it notifies the medical personnel of the error during the test.
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Algorithm 1 The Fall Risk Estimation Process
Monitor if the patient has a good standing posture:
if θSy < 30
◦ then
The patient has a good posture and is instructed to stretch his/her arm as far as possible directly straight:
if 2 arccos(q0) < 40
◦ then
Stretching is done correctly, ensure no steps were taken:
if aCmax < TaC && aAmax < TaA && ωCmax < TωC && ωAmax < TωA, where TaC = 1.7, TaA =
1.3, TωC = 1.8, and TωA = 1.5. then
No step was taken. Compute the reach distance from the formula in Section 2.3.3.
end if
end if
end if
Apply the fall detection process proposed in [32]:
The patient has fallen. Notify the medical personnel.
2.3.4 Failed Test
One of the reasons for a failed test is patients taking steps during the FRT process. If the
patient has taken a step due to losing control, sudden changes occur in the accelerometer
and gyroscope readings of both Nodes. Thus, to ensure the patient has not taken any steps,
the acceleration and rotational rate must be less than some threshold values. The details
of this process are described in Algorithm 1. The threshold values of the accelerometer and
gyroscope were found through experiments and are included in the algorithm.
2.3.5 Fall Detection
For safety of patients, the App is also equipped with a fall detection algorithm. For this
purpose, mStroke implements the 3-step fall detection algorithm proposed in [32] in the App.
When a fall is detected, the medical personnel are automatically notified by the smartphone.
2.3.6 Summary of the Proposed Algorithm
The estimation process for measuring fall risk described above is summarized in Algorithm
1.
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• θCy : angle between chest and the gravitational vector
• aC and aA: chest and NODE vector magnitude linear acceleration, respectively and can
be found from:
aC =
√
a2Cx + a
2
Cy
+ a2Cz , aA =
√
a2Ax + a
2
Ay
+ a2Az ,
where aCi and aAi represent the readings of the i
th axis of the accelerometer on chest
and arm, respectively.
• TaC represents the acceleration threshold for the chest sensor.
• TaA represents the acceleration threshold for the for the arm sensor.
• ωC and ωA, function of gyroscope readings, serve as measures of aggregate rotational
rate and can be found from:
ωC =
√
ω2Cx + ω
2
Cy
+ ω2Cz , ωA =
√
ω2Ax + ω
2
Ay
+ ω2Az .
2.3.7 Shoulder Rotation
Further testing showed that a select few subjects obtained a further reach by rotating his/her
shoulder (internally referred to as torso twist). The severity of torso twist varies greatly
between subjects. Many do not twist at all, while the reach distance of some individuals
comes mostly from the shoulder twist. To overcome this, the measured distance added by
the shoulder twist has been added to mStroke’s Functional Reach distance calculation. The
distance added by torso twist is directly added to the regular distance calculated. The
algorithm used to calculate the distance added by torso twist is denoted in (2.13) where
• shoulderLength is the length of a subject’s shoulder. It is found by measuring the
distance from the spine to the edge of the shoulder.
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• θquatAngle: is the rotation of the z-axis compared the old z-axis and is found using (2.9),
(2.10), (2.11), and (2.12)
Start
newPosqˆ =
A
newPos qˆ ⊗ Astartqˆ∗, (2.9)
zqˆ = [0, 0, 0, 1], (2.10)
z
newPosqˆ = zqˆ ⊗StartnewPos qˆ∗, (2.11)
θquatAngle = acos(
z
newPosqˆ.z√
(znewPosqˆ.x
2 +znewPos qˆ.y
2 +znewPos qˆ.z
2)
) (2.12)
distanceAddedByTorsoTwist = sin(θquatAngle) ∗ shoulderLength (2.13)
2.4 Testing
mStroke’s FRT has been tested extensively using both emulated and real data from volun-
teer physical therapy students and one stroke patient from Siskin Hospital. Three rounds of
testing were performed. The first round of testing was done on a limited number of subjects
in a closed environment. The second round of testing was performed in the physical ther-
apy department’s Motion Analysis room and used the Vicon system to test the validity of
mStroke’s results. The last round of testing was performed using comparisons with actual
physical therapist measurements. The results of some of these experiments are provided in
the following subsections.
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(a) (b)
Figure 2.3 Screenshot of mStroke App: (a) bad body posture, (b) acceptable body bosture.
2.4.1 Experimental Lab Testing
First, the results of a test with bad posture will be discussed. As shown below, the mStroke
App will not start unless the subject is wearing the system correctly and has a good posture.
Next, the results of subjects with acceptable body posture and good/bad balance will be
provided. For these cases, the results from the mStroke system and those of the clinical
measurements are included below. To this end, physical therapy students and real patients
performed several tests next to a wall that had a tape measure placed on it. The tape
measure was affixed to the wall, parallel to the floor, at the height of the acromion of the
patient’s dominant arm. The scores generated by mStroke were compared to scores recorded
by traditional means. The clinical measurements were recorded by an expert in the field by
finding the distance between the initial and end point of the third finger (as the reference
point) on the measure tape affixed to the wall.
When the start button is pressed, the screen shown in Fig. 2.3 is displayed, where Chest
Posture and Arm Pitch are defined as follows: The chest posture measures the angle of roll
from the chest Node’s ideal orientation, and the arm pitch measures the angle of pitch from
the arm Node’s ideal orientation. Both displays a scale of 0 to 1, where
• 0 represents the device’s roll from its ideal orientation being greater than a predefined
threshold (current threshold for both are set to 30◦),
• 1 represents the device having ideal orientation.
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Figure 2.4 Results from the App
Figure 2.3(a) shows a reading of the chest Node when the subject’s body posture was bad.
As shown in this figure, the App cannot be started while the posture is poor (when start
button is red, it cannot be activated). After correcting the chest posture figure 2.3(b), the
App can be activated and the subject is instructed to perform the FRT. Figure 2.4 shows the
arm deviation and distance reach of the subject while performing the FRT. Arm deviation
measures the angle of rotation (deviation) in any direction from the orientation of the device
at the start of the exam (when the start was pressed). The value displayed is the percent of
a predefined threshold degree of rotation (40◦ in experiments) .
• 0% represents the device having no rotation since the start of the exam
• 100% represents the device rotation being greater than the threshold
During this test the subject’s arm had a deviation of 100% threshold (figure 2.4(a)) which
is not acceptable. Therefore, the result of the reach as shown in figure 2.4(b) (16 inches)
is stored with a note indicating arm deviation of above the threshold. In these situations,
the result with the note will be saved in the history log and may be sent to the medical
personnel.
Figure 2.5 shows the result of a test performed by a physical therapy student emulating
a stroke patient with good balance. This subject does not have a steady hands and as a
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result there are deviations during the arm reach (within acceptable threshold). It is worth
noting that these thresholds can be personalized based on a patients’ unique conditions. In
this case, the App showed a distance of 12 inches while the distance on the tape was 11.5
inches. Figure 2.5(b) shows an arm deviation of between 10◦ and 20◦. As one can see i)
the difference between mStroke and clinical results is small (the difference will not change a
negative test to positive) and ii) distance of 12 inches confirms that the subject has a good
balance which matches the theory.
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Figure 2.5 Results from the App for a patient that has a good balance
Figure 2.6 shows the result for a subject that had a high risk of falling. This subject
also had difficulties with keeping his hand straight and steady. Thus, an arm deviation
between 10◦ to 20◦ occurred during the test. The App showed distance of 4.87 inches while
the distance on the tape was 4.5 inches. The result of the reach indicates that the subject
is at high risk for falling. In summary, these tests showed that mStroke estimates the fall
risk with similar accuracy as the traditionally administered FRT. The mStroke results were
within 0.5 inches of the physical therapist measurements generated.
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Figure 2.6 Results from the App for a patient that has a high risk of falling
2.4.2 Validating mStroke Results Using Vicon Data
The Vicon Motion Analysis system is a camera based system that tracks reflective markers
as they move through 3-dimensional space [33]. The physical therapy department at the
University of Tennessee at Chattanooga has a system which makes use of eight cameras,
which are positioned around the target area. The Vicon system is well established with high
accuracy and is widely used as a motion analysis tool [34], [35], [36].
2.4.2.1 Procedure Used for Validating mStroke Results Using Vicon Data
Testing was performed on fifteen physical therapy students. IRB approval was obtained
and each subject signed a release form. As done in the previous tests, the torso length and
shoulder length of each subject was measured before beginning. To emulate the clinical
environment, a yard stick was taped to a stand at shoulder height of the subject, as is
standard procedure for the Functional Reach test. A trained physical therapist administered
the test, while one researcher operated the Vicon system, and one researcher operated the
mStroke system. A total of eight markers were attached to each subject to allow the Vicon
system to monitor his/her movements during the test.
Before beginning the test, the subject was positioned next to the yardstick and instructed
19
Figure 2.7 Results of Testing mStroke Against Vicon (Average Distance Reached of Each Subject)
to raise his/her arm to 90◦. He/she was positioned so that his/her reach would not exceed
the length of the yardstick. At this point the physical therapist marked the position of
the subject’s current reach on the yardstick. Once she was ready, the physical therapist
signaled for mStroke to begin measuring and instructed the subject to reach forward as far
as comfortably possible. At the peak of the subject’s reach, the physical therapist marked
the position of the subject’s reach on the yardstick. Each subject performed the exercise five
times resulting in total of 75 tests.
2.4.2.2 Results for Validating mStroke Results Using Vicon Data
The results of the tests against the Vicon Motion Analysis System are denoted in Table 2.2
and Table 2.3. The results showed an absolute mean error of 4.65cm or 14% from Vicon’s
result. Figure 2.7 shows a comparison of mStroke vs. the Vicon system for the average
distance reached by each subject. Lastly, Figure 2.8 shows the absolute mean distance error
between mStroke and the Vicon system.
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Table 2.2: Results from the Tests Against the Vicon Motion Analysis System (Tests 1-8)
Subject Test mStroke Vicon
1 1 29.392 28.4
1 2 29.141 23.1
1 3 32.014 27
1 4 26.815 25.8
1 5 31.627 28.6
2 1 33.573 37.6
2 2 37.173 39.3
2 3 36.522 40.6
2 4 38.478 39
2 5 38.469 35.9
3 1 32.464 31
3 2 27.122 27.4
3 3 26.828 27.7
3 4 28.049 26.9
3 5 26.839 27.4
4 1 38.75 37.4
4 2 36.14 35.1
4 3 33.871 36
4 4 37.085 42.2
4 5 36.296 37.6
5 1 46.712 42.1
5 2 38.078 39
5 3 38.138 31.9
5 4 38.573 35.6
5 5 38.242 38.5
6 1 34.848 31.9
6 2 37.013 27.5
6 3 36.133 27.1
6 4 37.33 28.1
6 5 37.465 28.1
7 1 45.965 31.6
7 2 36.617 40.6
7 3 34.86 35
7 4 33.972 34.7
7 5 34.274 30.5
8 1 31.854 31.8
8 2 29.747 28.3
8 3 27.754 26.8
8 4 28.76 25.5
8 5 33.328 26.4
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Table 2.3: Results from the Tests Against the Vicon Motion Analysis System (Tests 9-15)
Subject Test mStroke Vicon
9 1 40.6044 42.1
9 2 39.1848 43.8
9 3 37.878 39.2
9 4 38.8536 39.9
9 5 38.364 39
10 1 37.341 35.4
10 2 35.433 29.4
10 3 35.764 23.9
10 4 35.675 22.2
10 5 33.649 25.3
11 1 41.677 36.2
11 2 49.385 35.8
11 3 44.028 34.1
11 4 40.915 30.1
11 5 46.167 29.7
12 1 34.032 29.6
12 2 39.238 34.4
12 3 33.924 31.5
12 4 36.376 37.5
12 5 34.175 37.1
13 1 46.458 38.2
13 2 36.989 27.3
13 3 41.097 28.5
13 4 37.845 26.8
13 5 36.965 30.3
14 1 42.257 27.6
14 2 27.34 22.9
14 3 28.66 25.9
14 4 27.158 24.2
14 5 29.395 25.4
15 1 41.478 36.2
15 2 33.276 37.1
15 3 32.811 31.4
15 4 32.888 34.8
15 5 33.399 32.3
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Figure 2.8 Absolute Mean Distance Error between mStroke and Vicon for Each Subject
2.4.3 Testing Against Physical Therapists
2.4.3.1 Testing Procedures for Tests Compared to Physical Therapists
Testing was performed on ten physical therapy students in a more traditional clinical setting.
IRB approval was obtained, and each subject signed a release form. As done in the previous
tests, the torso length and shoulder length of each subject was measured before beginning.
To emulate the clinical environment, a yard stick was taped to the wall at shoulder height of
the subject. This is standard procedure for the FRT. Before beginning the test, the subject
was positioned next to the yardstick and instructed to raise his/her arm to 90◦. He/she was
positioned so that his/her reach would not exceed the length of the yardstick. At this point
the physical therapist marked the position of the subject’s current reach on the yardstick.
Once she was ready, the physical therapist signaled for mStroke to begin measuring and
instructed the subject to reach forward as far as comfortably possible. At the peak of the
subject’s reach, the physical therapist marked the position of the subject’s reach on the
yardstick. Figure 2.9 illustrates a similar setup. Each subject performed the exercise three
times resulting in a total of thirty tests.
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(a) Start of test (b) Subject at peak reach
Figure 2.9 Function Reach
2.4.3.2 Results of Tests Compared to Physical Therapists
The results of these tests are denoted in Table 2.4. The accuracy of these experiments showed
an average difference of 6.8cm between mStroke’s and the physical therapist’s measurements.
As can be seen in Table 2.4, mStoke’s results for Subject 2 were consistently around 20cm
larger than the physical therapist’s measurements. In this instance, it is likely that there
was either an error in mStroke’s setup or a problem with the Node’s IMU. If Subject 2’s
results are thrown out, the average difference between mStroke and the physical therapist
lowers to 4.8cm.
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Table 2.4: Results from second round of FRT experiments
Test 1 Test 2 Test 3
Subject PT App PT App PT App
1 31.4 24.3 29.4 22.9 27.2 20.5
2 40.1 19.6 41.7 20.3 39.1 21.6
3 29.9 26.0 31.4 27.5 32.4 29.5
4 20.9 17.1 19.6 15.7 18.6 14.3
5 25.3 28.3 28.8 30.7 30.4 28.6
6 26.0 34.9 25.6 26.8 24.1 24.3
7 24.4 31.1 27.1 29.5 24.7 29.0
8 35.0 25.9 28.5 23.2 34.4 26.9
9 21.7 22.3 17.0 23.4 15.1 19.9
10 42.2 30.5 45.9 33.3 46.1 32.4
Figure 2.10 Difference between PT and mStroke for the second round of FRT experiments
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2.4.3.3 Complications
To investigate the discrepancy between mStroke and the physical therapist, the differences
between the physical therapist and mStroke were plotted in figure 2.10. Roughly, a third
of the mStroke’s results were less than the physical therapist’s. However, in most of these
cases, the difference is quite low. This suggests that mStroke was often over estimating the
reach of an individual. Future work is planned to investigate possible causes for this issue.
2.5 Summary
The Functional Reach portion of mStroke is accurate to within 5cm. Further work to reduce
drift issues will likely see the accuracy improve. In the Fall of 2015 and Spring of 2016,
mStroke’s Functional Reach Portion will be tested on actual patients at Siskin Hospital. The
drift changes will likely not be implemented before then but these tests will give valuable
insights as to how well the App works with real patients.
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CHAPTER 3
NIHSS
3.1 Introduction to NIHSS
The National Institute of Health Stroke Scale (NIHSS) is a widely used tool for clinical
evaluation of post stroke patients [2]. The scale is designed to be a quick and reliable mea-
surement of post stroke patient capabilities [7]. It is comprised of 15 items, which are ”used
to evaluate the effect of acute cerebral infarction on the levels of consciousness, language,
neglect, visual-field loss, extraocular movement, motor strength, ataxia, dysarthia, and sen-
sory loss [7].” Physical therapists are able to use the knowledge obtained from these tests to
aid in both the prediction of patient long- and short-term outcomes and the development of
patient recovery plans [7].
mStroke is designed to administer two of the items from of the NIHSS Stroke Scale: Motor
Arm and Motor Leg [7]. Both of these clinical measures center around a patient’s movement
and thus are perfect candidates for the mStroke system. Work on the NIHSS Motor Arm
and NIHSS Motor Leg portion of mStroke is an ongoing endeavor. To date, a round of
experiments has been conducted on ten physical therapy students. This fall, testing will be
conducted on stroke patients at Siskin Hospital. Chapter 3 details the algorithms, testing
procedures and results, and analysis of mStroke’s NIHSS Motor Arm and NIHSS Motor Leg
portions.
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3.2 NIHSS Motor Arm
3.2.1 NIHSS Motor Arm Scoring
The NIHSS Motor Arm test is designed to test how well a subject can hold his/her arm at
90◦ for ten seconds. To perform the test, the subject is asked to sit in a flat backed chair
that has no arm rests. Before the test begins, the physical therapist helps the subject raise
his/her arm to a position which is parallel to the floor (roughly 90◦). Figure 3.1 demonstrates
the setup for the NIHSS Motor Arm tests. The subject is instructed to hold his/her arm in
this position for 10 seconds. At the conclusion of the 10 seconds, the subject receives a score
from 0 to 4. Table 3.1 shows the criteria for scoring the NIHSS Motor Arm test.
(a) Front View (b) Side View
Figure 3.1 NIHSS Motor Arm Setup
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Table 3.1: Official Scoring Procedure for NIHSS Motor Arm Test [2]
Score Criteria
0 No drift; limb holds 90 degrees for full 10 seconds
1
Drift; limb holds 90 degrees, but drifts down before full 10 seconds;
does not hit support
2
Some effort against gravity; limb cannot get to or maintain 90 degrees;
drifts down to support but has some effort against gravity
3 No effort against gravity; limb falls
4 No movement
3.2.2 NIHSS Motor Arm mStoke Algorithm
3.2.2.1 Motor Arm Algorithm: Scores 0-2
While the standard procedure for the NIHSS Motor Arm test only involves one part, mStroke
breaks the test into two separate parts. This was done to aid in distinguishing between scores
of 3 or 4. The first part of the test is administered in the same manner as the traditional
NIHSS Motor Arm Test. During this portion, the system monitors the conditions for a score
of a 0, 1, or 2. The scoring procedure for the first part is described in algorithm 2.
• θcurrent: angle between node and the gravitational vector along its z-axis
• θstart: is used to account for different resting positions between subjects (some rest with
their arms on their knee while others rest with their arms hanging straight down)
• θquatAngle: is the rotation of the x-axis around the z-axis and is found using
Start
newPosqˆ =
A
newPos qˆ ⊗ Astartqˆ∗, (3.1)
zqˆ = [0, 0, 0, 1], (3.2)
z
newPosqˆ = zqˆ ⊗StartnewPos qˆ∗, (3.3)
θquatAngle = acos(
z
newPosqˆ.z√
(znewPosqˆ.x
2 +znewPos qˆ.y
2 +znewPos qˆ.z
2)
) (3.4)
• A score of 5 is not displayed to the subject and is only used to signal the App to
administer a second test.
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To check that the subject’s arm has reached an appropriate angle, θcurrent is examined.
Once the test begins, the App saves the first quaternion it receives to use as Astartqˆ. During the
test, θquatAngle is used to calculate the drift angle because angles computed from quaternions
generally produce more accurate results while the subject is moving.
3.2.2.2 Motor Arm Algorithm: Scores 3 and 4
A second test is only administered if the resulting score from the first test is a 5. During the
second test, the subject is instructed to attempt to lift his/her arm. A score of 3 is given if
movement is detected, else a score of 4 is given. The scoring procedure for the second test
is described in algorithm 3.
3.2.3 Testing Procedures for NIHSS Motor Arm Tests
To test the efficacy of the mStroke system, testing was conducted on ten physical therapy
students. IRB approval was acquired, and all participants signed a release waiver. Each
subject was tested three times and was instructed to emulate a particular score. The target
scores were randomly generated and kept secret from both the physical therapist and the re-
searcher who was running the mStroke system. Before beginning each subject was instructed
on the movements associated with each score. The subject was shown the score to emulate
before each test in secret by a third party.
To account for mStroke’s two-part approach, subjects that were instructed to emulate a
score of a 3 or 4 were instructed to immediately drop their arm during the first test. Once
the first test was completed, the physical therapist instructed the subject to attempt to lift
his/her arm.
30
Table 3.2: Results from Motor Arm Tests
Test 1 Test 2 Test 3
Subject PT App PT App PT App
1 3 3 3 4 3 3
2 1 1 0 1 3 3
3 0 1 1 1 0 0
4 1 2 1 1 4 4
5 0 1 0 0 4 4
6 2 2 2 3 2 3
7 1 0 4 4 4 4
8 0 0 1 0 2 2
9 2 2 1 0 0 1
10 4 4 3 3 4 4
3.2.4 Results from NIHSS Motor Arm Tests
The results of the tests are recorded in Table 3.2 and Figure 3.2. There were a total of 30
tests conducted. Of those 30, 11 were incorrectly scored. 63% of the time mStroke perfectly
scored the subject’s movements. The majority of the mis-classifications were off by only a
score of 1.
Figure 3.3 illustrates the frequency of the scores. Ideally, the frequency chart would
show five large dots where each score met (e.g. (0,0), (1,1), (2,2)). Figure 3.4 shows that the
majority of mStroke’s misclassifications came for tests where the subject was told to emulate
the conditions for a 0 or 1.
While developing the algorithms for the NIHSS Motor Arm, it quickly became apparent
that Node drift was an issue. This drift was partially circumvented by observing the quater-
nions for consistency before allowing the test to begin. Node drift was found to affect the
angle measurements by as much as 5◦ to 7◦. This posed particularly challenging complica-
tions when distinguishing between a 0 and a 1. Originally, the threshold for scoring a 1 was
5◦. Consider a situation where a subject’s arm only drifts 4◦. In this instance, the subject
should have received a score of 0. Unfortunately drift often pushed the subject’s score to a
1. To circumvent this, the threshold was increased to 10◦. Future work is planned to address
the issue of drift.
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Figure 3.2 Scores for Motor Arm Experiments
Figure 3.3 Frequency of Scores for Motor Arm Experiments
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Figure 3.4 Distribution of misclasifications for Motor Arm Experiments
Table 3.3: Official Scoring Procedure for NIHSS Motor Leg Test [2]
Score Criteria
0 No drift; leg holds 30 degrees for full 5 seconds
1 Drift; leg falls by the end of the 5-second period but does not hit bed
2
Some effort against gravity; leg falls to bed by 5 seconds,
but has some effort against gravity
3 No effort against gravity; limb falls
4 No movement
3.3 NIHSS Motor Leg
3.3.1 NIHSS Motor Leg Scoring
The NIHSS Motor Leg test is designed to test how well a subject can hold his/her leg at
a 30◦ angle for five seconds. Unlike the NIHSS Motor Arm, the subject is lying down on a
flat surface for this test. Before beginning the test, the physical therapist aids the subject in
raising his/her leg to a 30◦ angle. Figure 3.5 shows the setup for the NIHSS Motor Leg tests.
Once ready, the subject is instructed to hold that position to the best of his/her ability for
five seconds. The NIHSS Motor Leg test is also scored on a scale from 0 to 4. Table 3.3
shows the criteria for scoring the NIHSS Motor Leg test.
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(a) Rest Position (b) Leg Raised to 30◦
Figure 3.5 NIHSS Motor Leg Setup
3.3.2 NIHSS Motor Leg mStoke Algorithm
3.3.2.1 Motor Leg Algorithm: Scores 0-2
As with the NIHSS Motor Arm test, mStroke separates the NIHSS Motor Leg test into two
separate parts. Again, the first part of the test is administered in the same manner as the
traditional test. The scoring procedure for the first part is described in algorithm 4.
• θcurrent: angle between node and the gravitational vector along its z-axis
• θquatAngle: is the rotation of the x-axis around the z-axis and is found using (3.1) (3.2)
(3.3) (3.4)
• A score of 5 is not displayed to the subject and is only used as a signal to the App to
administer a second test.
3.3.2.2 Motor Leg Algorithm: Scores 3 and 4
Again, a second test is only administered if the resulting score from the first test is a 5.
During the second test, the patient is instructed to attempt to lift his/her leg. A score of
3 is given if movement is detected, else a score of 4 is given. The scoring procedure for the
second test is described in algorithm 5.
34
Table 3.4: Results from Motor Leg Tests
Test 1 Test 2 Test 3
Subject PT App PT App PT App
1 4 4 0 0 3 3
2 4 4 0 0 0 0
3 1 1 2 2 2 2
4 3 3 2 2 2 2
5 2 2 2 1 1 0
6 2 3 2 3 2 4
7 1 0 0 0 0 0
8 0 0 0 0 3 3
9 2 2 2 2 0 4
10 3 3 2 3 3 4
Figure 3.6 Scores for Motor Leg Experiments
3.3.3 Testing Procedures
Testing procedures for the NIHSS Motor Leg test are similar to the testing procedures for
the NIHSS Motor Arm Test. The sole difference is the subject’s position. For the NIHSS
Motor Leg it is standard procedure to have the subject lie flat on his/her back on a bed
while the test is administered.
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Figure 3.7 Distribution of misclasifications for Motor Leg Experiments
3.3.4 Results
The results from testing the NIHSS Motor Leg portion of mStroke are reported in Table
3.4 and Figure 3.6. Of the 30 tests performed, there were 9 mis-scored tests. 70% of the
time mStroke perfectly scored the subject’s movements. Most of the miss-classifications that
occurred where off only by a score of 1.
Figure 3.8 illustrates the frequency analysis of the scores given for these tests. Figure
3.7 shows that the mis-classifications came mostly from mis-classifying a score of 2. It is
important to note that mStroke’s misclassifications which result in a miss-classification as
either a 3 or 4 are likely caused by the same error. In instances where the mStroke signaled
a need for a second test, and it was obvious that it shouldn’t have (i.e. an obvious score
of 0, 1, or 2), the subject was instructed to just ”sit tight” while the App administered the
second test (resulting in a score of 4). Most sat still, but one fidgeted resulting in a score of
3.
The mis-classified 2s were largely caused by the shortened duration of the NIHSS Motor
Leg test compared to the NIHSS Motor Arm test. Specifically, the timing threshold for an
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Figure 3.8 Frequency of Scores for Motor Leg Experiments
immediate drop needed to be adjusted. It has since been adjusted to 2.5 seconds left in the
exam. Future work is planned to examine if this time threshold fixes mStroke’s problems
with scoring 2s.
3.4 Summary
The NIHSS portion of mStroke is able to correctly classify most movements. It can likely
be improved through subtle threshold changes and fixing the drift issues. Specifically, the
NIHSS Motor Leg portion could be improved through an adjustment to the timing threshold
used to signify the need for a second test. This change has been made and in the Fall of
2015 more tests will be ran to validate the threshold changes.
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Algorithm 2 The Scoring Process for NIHSS Motor Arm
Acquire the subject’s resting position
θstart = θcurrent
if examRunning == false && θcurrent > 40
◦ then
The subject is in an acceptable resting position and he/she is instructed lift arm to a level parallel (0◦) to the
ground and hold it as straight as possible for 10 seconds:
examReadyToStart = true
end if
if examReadyToStart == true && θcurrent < 5
◦ then
secondsLeftInExam = 10
score = 0
examRunning = true
end if
if examRunning = true then
if secondsLeftInExam > 0 then
if θquatAngle > θstart − 10 && secondsLeftInExam > 7 && score < 3 then
score = 5
Subject’s score is raised to 5 to signify the need for a second test.
end if
if θquatAngle > θstart − 10 && score < 2 then
score = 2
Subject’s score is raised to 2
end if
if θquatAngle <= 15 && score < 1 then
score = 0
Ignore the small initial drop that often occurs when a therapist releases a subject’s arm at the beginning
of a test
else if θquatAngle > 15 && score < 1 && secondsLeftInExam < 9 then
score = 1
Subject’s score is raised to 1
end if
end if
end if
if score == 5 then
The subject is instructed to perform a second test.
end if
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Algorithm 3 The Second Test for NIHSS Motor Arm
Subject is instructed to try to move arm during the next 10 seconds:
secondsLeftInExam = 10
score = 4
accelXstart == accelXcurrent
if secondsLeftInExam > 0 then
Watch for arm movement
if accelXcurrent − accelXstart > 0.05 then
score = 3
Subject’s score is lowered to 3.
end if
end if
Algorithm 4 The Scoring Process for NIHSS Motor Leg
Check that the subject’s leg has reached and angle close to 30◦ in relation to the bed. The physical therapist will
aid the subject in reaching this position.
if θcurrent > 23
◦ then
The subject’s leg is in position and he/she is instructed to hold his/her leg in that position for 5 seconds:
secondsLeftInExam = 5
score = 0
if secondsLeftInExam > 0 then
if θquatAngle >= 25 && secondsLeftInExam > 2 && score < 3 then
score = 5
Subject’s score is raised to 5 to signify the need for a second test.
end if
if θquatAngle >= 25 && score < 2 then
score = 2
Subject’s score is raised to 2
end if
if θquatAngle < 12 && score < 1 then
score = 0
Subject’s score stays at 0
else if θquatAngle < 25 && score < 2 && secondsLeftInExam < 3 then
score = 1
Subject’s score is raised to a one. The check for secondsLeftInExam is done to disregard an immediate
drop in the subject’s that often occurs when a physical therapist releases the leg.
end if
end if
end if
if score == 5 then
The patient is instructed to perform a second test.
end if
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Algorithm 5 The Second Test for NIHSS Motor Leg
Patient is instructed to try to move Leg during the next 5 seconds:
secondsLeftInExam = 5
score = 4
accelXstart == accelXcurrent
if secondsLeftInExam > 0 then
Watch for arm movement
if accelXcurrent − accelXstart < 0.05 then
score = 3
Patient’s score is lowered to 3.
end if
end if
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CHAPTER 4
CONCLUSION
4.1 Thoughts on mStroke
The current version of mStroke is close to achieving its goals. The Functional Reach portion
of the App is now accurate to within 5 cm. Through experimentation and development, the
accuracy of the NIHSS Motor Arm and NIHSS Motor Leg portions has greatly improved
and correctly classifies movements with the few noted exceptions. As the Node’s accuracy
continues to improve, mStroke will play an even more important role in home physical
therapy monitoring applications.
4.2 Future Work
mStroke’s development is an ongoing process. All of the clinical measures mentioned in this
thesis are still under active development. The current algorithms provide a solid base for
future work. Small adjustments to the current thresholds would likely improve accuracy. The
accuracy of the existing clinical measures in the App would also benefit from work to resolve
the drift issues noted throughout this thesis. Additional future work will also implement
new measures for the mStroke system including: upper-body kinematics, additional balance
tests, and physical therapy questionnaires.
Drift has been a major concern in the development of the mStroke system. It was found
that some Nodes produced more accurate results than others. Furthermore, the quaternions
of all of the Nodes were found to drift. The drift was inconsistent but would often result
in measurement errors. Drift largely appears to be caused by the varying length of time it
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takes the IMU to build its first quaternion. As mentioned before, this issue was partially
circumvented by observing the quaternions for consistency before allowing the test to begin.
A more thorough calibration process is probably needed to ensure accurate Node measure-
ments and is in the process of being developed. Future work on the currently implemented
clinical measures will focus on lessoning the effects of drift on the calculations. Solving the
problem of drift would not only raise the accuracy of the current measures substantially, but
also improve the accuracy of new exercises.
In theory, the way the quaternions are built should help manage drift. Often, a Kalman
filter is used to build a quaternion [37], [38], [39]. The aim is for the magnetometer and
accelerometer to counter the drift that occurs naturally in gyroscopes. The quaternions gen-
erated by the Node are built in a proprietary third-party IMU. The process is not disclosed.
Future research for mStroke should consider building quaternions on the iPad using the raw
data. Also, there are constants used in the Kalman filter which could be refined to result in
less drift in the constructed quaternions. Streaming only the raw data would likely allow an
increase in the sampling rate of transmission.
Finally, for the mStroke system to be truly effective, its needs Nodes to be provided in
a different form factor. The Node was chosen because it provided a low-cost, high-quality
sensor. Variable Inc. is located in Chattanooga, TN within 5 miles of the University of
Tennessee at Chattanooga, and the close proximity allows for a close working relationship.
This relationship was indispensable and resulted in quick bug fixes and custom firmware
options.
Unfortunately, the current form factor of the Nodes does not lend itself ideally to human
motion analysis. The shape of the Node can make it difficult to attach to a human. There
has been work on a design of a flattened Node. Variable Inc. was kind enough to provide a
prototype for the mStroke system. The new design did make it easier to attach the Node to
humans, but has not been used in testing due to the limited supply. Hopefully, this prototype
makes it to production so it can be used for the mStroke system.
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